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Abstract
Quarkonium has been proposed as a sensitive probe of quark-gluon plasma (QGP) more than thirties ago. Since then,
lots of experimental efforts have been devoted to study its production in heavy-ion collisions in order to search for QGP
and study its properties and significant progresses have been made. In this paper, an overview of recent experimental
results on charmonium and bottomonium production in heavy-ion collisions as well as in small systems are presented.
Furthermore, the results on exotic particle X(3872) production in Pb+Pb and p+p collisions are also discussed.
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1. Introduction
Quarkonium is a tightly bound state of a heavy (charm and bottom) quark and its anti-quark. Char-
monium (bottomonium) is refer to the bound state of charm (bottom) quark and anti-quark pair. Table 1
shows the mass, binding energy and radius of various quarkonium states [1]. Although the production
mechanism of quarkonium in elementary particle collisions such as p+p collisions is still not fully un-
derstood, it has been proposed as a unique probe of the deconfined hot and dense medium, so-called
quark-gluon plasma (QGP), created in ultra-relativistic heavy-ion collisions by T. Matsui and H. Satz in
1986 [2]. If QGP is formed in heavy-ion collisions, the production yield of quarkonium is expected to
significantly suppressed with respect to the yield in p+p collisions scaled by the number of binary nucleon-
nucleon collision because the potential of the heavy quark and its anti-quark is modified by the deconfined
medium and the quarkonium state is subject to be dissociated (or melted) when the temperature of the
medium is high enough. The temperature required to dissociate a quarkonium state (dissociation temper-
ature, Td) depends on the binding energy or radius of the quarkonium state. More loosely bound state
(lower binding energy or larger radius) has lower Td. In both charmonium and bottomonium sectors, Td
decreases with increasing quarkonium mass and the excited states have lower Td than the 1S state. When
put the charmonium and bottomonium states together as shown in Tab. 1 for comparison, one finds that
TΥ(1S )d > T
χb
d ∼ T J/ψd ∼ TΥ(2S )d > T
χ′b
d ∼ T χcd ∼ TΥ(3S )d > Tψ(2S )d . The systematical measurements of quarko-
nium suppression can also help to constrain the temperature profile and the dynamic evolution of the fireball
produced in ultra-relativistic heavy-ion collisions.
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Table 1. The mass, binding energy and radius of charmonium and bottomonium states.
State Charmonium Bottomonium
J/ψ χc ψ(2S ) Υ(1S ) χb Υ(2S ) χ′b Υ(3S )
Mass (GeV/c2) 3.10 3.53 3.68 9.46 9.99 10.02 10.26 10.36
∆E (GeV/c2) 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20
Radius (fm) 0.25 0.36 0.45 0.14 0.22 0.28 0.34 0.39
However, other effects need to be taken into account. First of all, in the deconfined medium, the
(un)correlated heavy quark and anti-quark could (re)combine into a quarkonium state when they get close
enough in phase space. The probability is proportional to the square of the total number of heavy quark and
anti-quark pair produced in one collision. The production yield of quarkonium is expected to be enhanced
in central heavy-ion collisions with respect to peripheral heavy-ion collisions and p+p collisions. Although
the (re)combination effect is competing with the QGP melting effect, but both of them requires deconfine-
ment and can be used to search for QGP and study its properties. In additional to these two hot nuclear
matter effects, quarkonium production in heavy-ion collisions is also affected by cold nuclear matter (CNM)
effects, including modification of parton distribution function in nucleus (nPDF), breakup by hadrons, the
scattering and/or energy loss of the parton evolved in quarkonium production etc. The CNM effects can be
experimentally studied via the collisions of p or light nucleus and heavy nucleus. There are other effects
need to be taken into account when interpret the experimental results. One important effect is the feed-down
contribution of the quarkonium production. For example, the inclusive J/ψ consists of prompt J/ψ and non-
prompt J/ψ. The latter is refer to the contribution from the decay of B-hadrons. While the former includes
direct J/ψ and the feed-down from excited charmoniun states. Since different quarkonium states has differ-
ent size, different component of a quarkonium state should also have different suppression. The composition
of different prompt quarkonium states can be found at [3]. Another important effect is the contribution from
jet fragmentation at intermediate and high pT range. The quarkonium from jet fraggmentation could form
outside of the fireball thus doesn’t affected by the QGP melting or (re)combination, but affected by “jet
quenching”.
In the following sections, the selected latest experimental results obtained at RHIC and LHC will be
presented and physics implications will be discussed.
2. Quarkonium production in p+A collisions and small systems
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Fig. 1. J/ψ nuclear modification factor as a function of rapidity in p+Al, p+Au and 3He+Au collisions at √sNN = 200 GeV [4].
PHENIX Collaboration measured the inclusive J/ψ nuclear modification factor as a function of rapidity
at forward (p/3He-going direction) and backward (Al/Au-going direction) rapidity range in p+Al, p+Au
and 3He+Au collisions at √sNN = 200 GeV as shown in Fig. 1 [4]. The theoretical calculations with nPDF
along and with nPDF and nuclear absorption are also shown for comparison. At forward rapidity (p/3He-
going direction), significant suppression is observed for inclusive J/ψ for Au target but consistent with no
suppression for Al target. The theoretical calculations incorporating nPDF (EPPS16, nCTEP15) with and
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without nuclear absorption describe the data reasonably well. At backward rapidity (Al/Au-going direc-
tion), the nuclear modification factor is systematically larger than unity with Al target but exhibits obvious
suppression with Au target. The theoretical calculations with nPDF only predict enhancement at backward
rapidity, do not agree with the data for Au target. With the nuclear absorption from global fit to world data
added, the theoretical calculations can describe the rapidity dependence of the the inclusive J/ψ suppression
in p+Al, p+Au and 3He+Au collisions at RHIC reasonably well. It is also found that the suppression in
0-20% 3He+Au collisions is very similar as in p+Au, suggesting that there is little final state effect on J/ψ
production in p+Au and 3He+Au collisions.
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Fig. 2. Left: Inclusive Υ(1S ) nuclear modification factor as a function of rapidity in p+Pb collisions at √sNN = 8.16 TeV [5]. Middle:
The cross section ratio of Υ(1S ) and J/ψ from b decays in p+p and p+Pb collisions [6]. Right: The nuclear modification factor of
Υ(1S , 2S , 3S ) as a function of rapdity in p+Pb collisions at √sNN = 5.02 TeV [7].
ALICE Collaboration measured the inclusive Υ(1S ) nuclear modification factor as a function of rapidity
at forward and backward rapidity range in p+Pb collisions at √sNN = 8.16 TeV and compared to LHCb
measurements as shown in the left panel of Fig. 2 [5, 6]. At forward rapidity, strong suppression is observed
and can be described by theoretical calculations with various nPDF only or energy loss only or nPDF +
energy loss or nPDF + breakup by comovers etc. At backward rapidity, the data is systematically lower
than unity and the theoretical calculations. LHCb also measured the cross section ratio of inclusive Υ(1S )
and J/ψ from b decays as a function of rapidity in p+p collisions at
√
s = 8 TeV and p+Pb collisions at√
sNN = 8.16 TeV as shown in the middle panel of Fig. 2 [6]. At backward rapidity, the ratios in p+p and
p+Pb are consistent with each other. While at forward rapidity (p-going direction), a small suppression of
the ratio is visible in p+Pb collisions with respect to p+p collisions. This indicates different suppression
mechanism for bottomonium and open beauty. But the rapidity smearing effect in b to J/ψ decays should
also be addressed. The right panel of Fig. 2 shows the nuclear modification factor of 1S, 2S and 3S state of Υ
in p+Pb collisions at √sNN = 5.02 TeV measured by the CMS Collaboration [7]. The sequential suppression
is observed and is more pronounced in backward rapidity (Pb-going direction). The nPDF effect on 1S,
2S and 3S states should be similar and result in >∼ 1 nuclear modification factor at backward rapidity.
The sequential suppression at backward indicates there is significant final state effects such as breakup by
co-movers or possible hot nuclear medium effects.
3. Quarkonium production in heavy-ion collisions
3.1. Charmonium
STAR Collaboration recently published the centrality and pT dependence of the inclusive J/ψ production
in wide pT range in Au+Au collisions at
√
sNN = 200 GeV [8]. The left panel of Fig. 3 shows the inclusive
J/ψ nuclear modification factor as a function of Npart in Au+Au collision at
√
sNN = 200 GeV at low-pT
(pT > 0.15 GeV/c) and high-pT (pT > 5 GeV/c) region. The suppression for both low-pT and high-pT J/ψ
increases towards central collisions and exhibits significant suppression in central collisions (a factor of ∼ 3).
For low-pT J/ψ, the suppression is due to the interplay of CNM effects, QGP melting and (re)combination
effects. While for high-pT J/ψ, the (re)combination effect is negligible. The nuclear modification factor
4 / Nuclear Physics A 00 (2020) 1–9
ALI-PREL-336026
)c (GeV/
T
p
0 2 4 6 8 10 12 14
AA
R
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
 = 5.02 TeVNNs, Pb-Pb ψALICE Preliminary, Inclusive J/
0-20%
 < 4y3.5 < 
 < 3.5y3 < 
 < 3y2.5 < 
Systematic uncertainty
Global uncertainity 2.5 %
| < 0.9 (2018), 0-10% y|
Systematic uncertainty
Global uncertainity 0.72 %
ALI−DER−328479
Fig. 3. Nuclear modification factor of inclusive J/ψ in Au+Au collisions at 0.2 TeV [8] and Pb+Pb collisions at 5.02 TeV [11].
measured in d+Au and p+Au collisions is found to be consistent unity at pT above 5 GeV/c, suggesting that
CNM effect is also not important at high-pT [9, 10]. The observed significant suppression of high-pT J/ψ
provide strong evidence for the QGP melting of charmonium.
ALICE Collaboration recently released the results of inclusive J/ψ nuclear modification factor using the
Pb+Pb collisions data at √sNN = 5.02 TeV taken in 2018 [11]. The new data are found to be consistent with
the previous results using data taken in 2015, but the precision is significantly improved. The middle panel
of Fig. 3 shows the centrality dependence of the inclusive J/ψ nuclear modification factor at mid-rapidity.
Unlike the decreasing trend observed at RHIC energy, the nuclear modification factor at LHC decreases
from peripheral collisions to semi-peripheral collisions then increases and saturates at around unity in semi-
central and central collisions. The nuclear modification factor in central collisions at LHC is much larger
than at RHIC energy for low-pT J/ψ. The pT dependence of the nuclear modification factor is also very
different at RHIC and LHC. At RHIC, the pT dependence is rather flat, but there is clear decreasing trend
with increasing pT at LHC as shown in the right panel of Fig. 3. These results provide strong evidence of
significant contribution of (re)combination for low-pT J/ψ at LHC energy. The right panel of Fig. 3 com-
pares the pT dependence of the inclusive J/ψ nuclear modification factor in various rapidity windows. In all
of the presented rapidity windows, the nuclear modification factor shows decreasing trend. At low pT , the
nuclear modification factor decreases with increasing rapidity. This is also consistent with the expectation
of (re)combination dominance in the low-pT J/ψ production as the charm quark production cross section
decreases with increasing rapidity. At high pT region, the rapidity dependence is not so straightforward.
The Statistical Hadronization Model and Transport Models can describe the centrality dependence of the
inclusive J/ψ nuclear modification factor within uncertainties. But the uncertainties of the theoretical cal-
culations are larger than data, suggesting that more precise measurements on total charm cross section and
CNM effects are needed to provide better constraint.
The (re)combination effect can also be investigated via the measurements of quarkonium elliptic flow v2.
The experiments at both RHIC and LHC found v2 of open charm mesons follow the number-of-constitute-
quark (NCQ) scaling as the light flavors, suggesting that charm quarks are thermalized and gain flow via the
interaction with the hot, dense medium. Quarkonium produced via the heavy quark (re)combination should
inherit the flow of the heavy quarks. ALICE Collaboration measured the inclusive J/ψ v2 as a function of
pT at forward rapidity as shown in the left panel of Fig. 4 and mid-rapdity (not shown, worse statistics) in
Pb+Pb collisions at √sNN = 5.02 TeV [11]. Significant positive v2 is observed. The data at low-pT can be
described by transport model calculations, indicating that charm quark are thermalized and (re)combination
is the dominant contribution at low-pT range. At pT above 4 GeV/c, the data is systematically higher than
the model calculations even with the non-prompt J/ψ contribution being taken into account. Other effect
such as contribution from jet fragmentation probably need to be considered. Based on the measurements of
J/ψ production in a jet in p+p collisions at 8 TeV, the CMS Collaboration concluded that “jet fragmentation
is the dominate source of prompt J/ψ mesons with EJ/ψ > 15 GeV and |yJ/ψ| < 1” [12]. It is of great interest
to push the measurement to lower E or pT .
The ALICE Collaboration reported the first measurement of J/ψ polarization in Pb+Pb collisions [11].
The measurement of J/ψ polarization in heavy-ion collisions is a novel probe of the quarkonium production
mechanism in QGP. J/ψ polarization in heavy-ion collisions can be modified with respect to p+p collisions
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Fig. 4. Inclusive J/ψ elliptic flow v2 (left) and polarization parameters (right) as a function of pT in Pb+Pb collision at
√sNN = 5.02
TeV measured by the ALICE Collaboration [11]. Theoretical calculations on v2 in Pb+Pb collisions and measurements of polarization
in p+p collisions are also shown for comparison.
by various effects: 1) Quarkonium produced via (re)combination should be different from that of primordial
J/ψ; 2) Since different quarkonium states have different polarization, sequential evolution of quarkonium
polarization is expected due to sequential suppression; 3) Modification by possible strong electromagnetic
field; 4) The screening of non-perturbative effects in quarkonium production in QGP may result in increase
of quarkonium polarization [13]; and so on. With current precision, the ALICE results in Pb+Pb collisions
are consistent with no polarization and p+p results. The precision is expected to be significantly improved
with LHC Run-3 data.
3.2. Bottomonium
Due to much lower production cross section of bb¯ than cc¯, bottomonium is expected to be less affected
by (re)combination effect compared to charmonium thus provide a better probe of QGP melting. Recently,
the measurements of Υ(1S , 2S , 3S ) suppression in Pb+Pb collisions at √sNN = 5.02 TeV are available (AT-
LAS [14] and CMS [15]) at mid-rapidity and ALICE [11] at forward rapidity). Significant suppression of
Υ(1S ) is observed and the rapidity dependence seems to be more flat than that at 2.76 TeV. The sequential
suppression in the bottomonium sector observed at 2.76 TeV is also confirmed with the data at 5.02 TeV
with improved precision.
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Fig. 5. Υ(1S ) v2 at forward rapidity (left) and mid-rapidity (right) in Pb+Pb collisions at
√sNN = 5.02 TeV measured by ALICE [16]
and CMS [17], respectively.
Lots of attention was drawn by the first measurements of Υ(1S ) v2 in heavy-ion collisions done my
the ALICE [16] and CMS [17] Collaborations. Figure 5 shows the data and the comparison to inclusive
J/ψ and theoretical calculations. The v2 of Υ(1S ) is lower than that of inclusive J/ψ and consistent with
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zero and theoretical calculations within large uncertainties on the Υ(1S ) measurements. For the physics
interpretation of the data, there are several questions need to be understood: 1) Does bottom quark flow?
The non-zero v2 of b-hadrons are observed, but it doesn’t mean b-quarks have flow; 2) What is the fraction
of (re)combination for Υ(1S ). On the experimental side, it is important to improve the precision and push
the measurement to higher pT due to the large mass of bottom quark [18].
3.3. Comparison of J/ψ and Υ
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Fig. 6. (Color online) J/ψ and Υ(1S ) nuclear modification factor as a function of pT in Pb+Pb (left) and p+Pb (right) collisions at√sNN = 5.02 TeV [14, 19].
With high-quality quarkonium data in heavy-ion collisions, it is possible to do comparison between the
charmonium sector and bottomonium sector to better understand physics behind the measurements. In the
charmonium sector, I focus on the high pT region in order to avoid the contribution from (re)combination.
The left panel of Fig. 6 shows the nuclear modification factor of Υ(1S ) and prompt J/ψ as a function of pT in
Pb+Pb collisions at √sNN = 5.02 TeV [14]. The suppression of high-pT J/ψ due to QGP melting is expected
to be stronger than Υ(1S ) because the radius of Υ(1S ) is much smaller than J/ψ. However, the nuclear mod-
ification factor of Υ(1S ) is measured to be surprisingly similar as prompt J/ψ and lower than non-prompt
J/ψ at high pT . Removing possible (re)combination may result in even stronger suppression of Υ(1S ). The
right panel of Fig. 6 shows the nuclear modification factor of Υ(1S ) and prompt J/ψ in p+Pb collisions at√
sNN = 5.02 TeV [19]. At pT > 14 GeV/c, the suppression of Υ(1S ) and prompt J/ψ are consistent within
uncertainties, suggesting that the CNM effects are similar for Υ(1S ) and prompt J/ψ at high pT , thus can not
explain the similarity of the suppression of Υ and high-pT prompt J/ψ in heavy-ion collisions. How about
the feed-down contribution? According to Ref. [3], the composition of high-pT prompt J/ψ is about 65%
of direct production and 35% contribution from decay of excited charmonium states. While for high-pT
Υ(1S ), the composition is about 45% of direct production and 55% contribution from decay of Υ(2S ) and
χb. Because Υ(2S ), χb and J/ψ has similar radius as shown in Tab. 1, the comparison of prompt high-pT
J/ψ and Υ(1S ) is more like the comparison of direct Υ(1S ) and excited charmonium states (such as ψ(2S )
and χc). The similarity of high-pT J/ψ and Υ(1S ) suppression may indicate that there are other effects such
as jet fragmentation, formation time effect playing role in the quarkonium production at high pT .
Since J/ψ and Υ(2S ) has similar radius, the suppression of high-pT J/ψ and Υ(2S ) should be similar.
However, the suppression of high-pT J/ψ is found to be much less than Υ(2S ) at both RHIC and LHC
as shown in the left two panels of Fig. 7. This could not be explained by feed-down effect and possible
(re)combination effect. Different CNM effect could be the reason for the different suppression measured
in Pb+Pb collisions. As shown in the right panel of Fig. 7, the nuclear modification factor of Υ(2S ) is
much smaller than that of J/ψ at high-pT in p+Pb collisions. Then the question is why the CNM effects
of these two quarkonium states (with similar binding energy) are so different? Is it because of different
nPDF? Nevertheless, it is important to consider CNM effects when interpret Υ(2S ) suppression measured
in heavy-ion collisions, at least at LHC energies.
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Fig. 7. Comparison the nuclear modification factor of high-pT J/ψ and Υ(2S ) (or Υ(2S + 3S )) in heavy-ion collisions and p+Pb
collisions.
3.4. X(3872)
X(3872) is the first exotic hadron discovered by the Belle Collaboration in 2003 in the J/ψpi+pi− mass
spectrum from B decay [20]. The quantum numbers are measured to be incompatible with expected char-
monium states [21]. Its mass is larger than the sum of charm quark and anti-charm quark and consistent with
the sum of D0 and D∗0 masses. The internal structure of X(3872) is under debate, the possible candidates
are tetraquark state or D0D∗0 molecule state or mixed molecule-charmonium state. The tetraquark state and
molecule state has very different binding energy. The radius of tetraquark is similar as that of charmonium
state which is less than 1 fm. While for molecule state, the binding energy is very small result in radius as
large as several fm. Similar as quarkonium, the yield of X(3872) in dense QCD environment may shed light
on the binding energy (internal structure).
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Fig. 8. Left: The cross section ratio of X(3872) over ψ(2S ) as a function of event activity in p+p collisions at
√
s = 8 TeV [22]. Right:
The ratio as a function of pT in Pb+Pb collisions at
√sNN = 5.02 TeV [23] compared to that in p+p collisions.
The left panel of Fig. 8 shows the ratio of high-pT (pT > 5 GeV/c) X(3872) (renamed to χc1(3872)
by PDG) over ψ(2S ) as a function of event activity in p+p collisions at
√
s = 8 TeV for prompt and non-
prompt component [22]. It is found that for non-prompt production, the ratio has no significant change
with event activity. While for prompt production, there is increasing suppression of X(3872) relative to
ψ(2S ) with increasing event activity. This is consistent with the interpretation of X(3872) as a large, weekly
bound state. The CMS Collaboration measured the ratio of 1.1±0.51(stat.)±0.53(syst.) for high-pT prompt
X(3872) and ψ(2S ) in Pb+Pb collisions at √sNN = 5.02 TeV as shown in the right panel of Fig. 8 [23]. The
central value is about a factor of 10 larger than that in p+p collisions, but the data is also consistent with
p+p results within 1.5σ. Better precision is needed to extract the internal structure of the X(3872) particle.
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4. Conclusions
In this paper, recent quarkonium(-like) measurements in p+p, p or light nucleus + A, and A+A collisions
at both RHIC and LHC are presented. In p or light nucleus + A collisions, nPDF is important to explain
the results, but additional effects are needed. At RHIC energy, nuclear absorption at backward rapidity
is needed to bring down the nuclear modification factor of J/ψ. At LHC, nuclear absorption should be
negligible due to small crossing time. However, final-state effects (such as breakup by comovers, possible
hot medium effects) is needed especially at the Pb-going direction. In heavy-ion collisions, the quarkonium
production at low and intermediate pT fits the interplay of QGP melting, (re)combination and CNM effects.
The (re)combination plays significant role in charmonium production at low and intermediate pT at LHC.
For Υ(2S ) production in Pb+Pb collisions at LHC, CNM effects may play important role. At high-pT region,
J/ψ may have sizable contribution from jet fragmentation.
Some new observables such as J/ψ polarization in heavy-ion collisions, Υ v2 in heavy-ion collisions and
X(3872) production yield in high multiplicity p+p collisions and Pb+Pb collisions are also presented. But
better precision is needed to draw firm physics conclusion.
Acknowledgement
The author is supported in part by the National Key R&D Program of China under Grand No. 2018YFE0104900,
the National Natural Science Foundation of China under Grand Nos. 11675168 and 11720101001 and the
Anhui Provincial Natural Science Foundation under Grand No. 1908085J02.
References
[1] H. Satz, Quarkonium Binding and Dissociation: The Spectral Analysis of the QGP, Nucl. Phys. A783 (2007) 249–260. arXiv:
hep-ph/0609197, doi:10.1016/j.nuclphysa.2006.11.026.
[2] T. Matsui, H. Satz, J/ψ suppression by Quark-Gluon Plasma formation, Phys. Lett. B178 (1986) 416. doi:10.1016/
0370-2693(86)91404-8.
[3] J.-P. Lansberg, New Observables in Inclusive Production of QuarkoniaarXiv:1903.09185.
[4] U. A. Acharya, et al., Measurement of J/ψ at forward and backward rapidity in p + p, p + Al, p + Au, and 3He+Au collisions at√sNN = 200 GeVarXiv:1910.14487.
[5] S. Acharya, et al., Inclusive Υ production in p-Pb collisions at
√
sNN = 8.16 TeVarXiv:1910.14405.
[6] R. Aaij, et al., Study of Υ production in pPb collisions at
√
sNN = 8.16 TeV, JHEP 11 (2018) 194. arXiv:1810.07655,
doi:10.1007/JHEP11(2018)194.
[7] The CMS Collaboration, Nuclear modification of Υ states in pPb collisions at
√
sNN = 5.02 TeV.
[8] J. Adam, et al., Measurement of inclusive J/ψ suppression in Au+Au collisions at
√
sNN = 200 GeV through the dimuon channel
at STAR, Phys. Lett. B797 (2019) 134917. arXiv:1905.13669, doi:10.1016/j.physletb.2019.134917.
[9] A. Adare, et al., Transverse-Momentum Dependence of the J/ψ Nuclear Modification in d+Au Collisions at
√
sNN = 200 GeV,
Phys. Rev. C87 (3) (2013) 034904. arXiv:1204.0777, doi:10.1103/PhysRevC.87.034904.
[10] T. Todoroki, Measurements of charmonium production in p+p, p+Au, and Au+Au collisions at
√
sNN= 200 GeV with the STAR
experiment, Nucl. Phys. A967 (2017) 572–575. arXiv:1704.06251, doi:10.1016/j.nuclphysa.2017.04.020.
[11] X. Bai, Quarkonium measurements in nucleus-nucleus collisions with ALICEarXiv:2001.11925.
[12] A. M. Sirunyan, et al., Study of J/ψmeson production from jet fragmentation in pp collisions at
√
s = 8 TeVarXiv:1910.01686.
[13] B. L. Ioffe, D. E. Kharzeev, Quarkonium polarization in heavy ion collisions as a possible signature of the quark gluon plasma,
Phys. Rev. C68 (2003) 061902. arXiv:hep-ph/0306176, doi:10.1103/PhysRevC.68.061902.
[14] The ATLAS Collaboration, Production of Υ(nS) mesons in Pb+Pb and pp collisions at 5.02 TeV with ATLAS.
[15] A. M. Sirunyan, et al., Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in PbPb collisions at√sNN = 5.02 TeV, Phys. Lett. B790 (2019) 270–293. arXiv:1805.09215, doi:10.1016/j.physletb.2019.01.006.
[16] S. Acharya, et al., Measurement of Υ(1S) elliptic flow at forward rapidity in Pb-Pb collisions at
√
sNN = 5.02 TeV, Phys. Rev.
Lett. 123 (19) (2019) 192301. arXiv:1907.03169, doi:10.1103/PhysRevLett.123.192301.
[17] The CMS Collaboration, Measurement of the elliptic flow of Υ(1S) and Υ(2S) mesons in PbPb collisions at
√
sNN = 5.02 TeV.
[18] K. Reygers, A. Schmah, A. Berdnikova, X. Sun, Blast-wave description of Upsilon elliptic flow at LHC energiesarXiv:1910.
14618.
[19] M. Aaboud, et al., Measurement of quarkonium production in protonlead and protonproton collisions at 5.02 TeV with the
ATLAS detector, Eur. Phys. J. C78 (3) (2018) 171. arXiv:1709.03089, doi:10.1140/epjc/s10052-018-5624-4.
[20] S. K. Choi, et al., Observation of a narrow charmonium - like state in exclusive B± → K±pi+pi−J/ψ decays, Phys. Rev. Lett. 91
(2003) 262001. arXiv:hep-ex/0309032, doi:10.1103/PhysRevLett.91.262001.
[21] R. Aaij, et al., Determination of the X(3872) meson quantum numbers, Phys. Rev. Lett. 110 (2013) 222001. arXiv:1302.6269,
doi:10.1103/PhysRevLett.110.222001.
/ Nuclear Physics A 00 (2020) 1–9 9
[22] The LHCb Collaboration, Multiplicity-dependent modification of χc1(3872) and ψ(2S ) production in pp collisions at
√
s= 8
TeV.
[23] The CMS Collaboration, Evidence for χc1(3872) in PbPb collisions and studies of its prompt production at
√sNN = 5.02 TeV.
